Transient receptor potential (TRP) channels are activated by environmental particulate materials. We hypothesized that polymorphic variants of transient receptor potential vanilloid-1 (TRPV1) would be uniquely responsive to insoluble coal fly ash compared with the prototypical soluble agonist capsaicin. Furthermore, these changes would manifest as differences in lung cell responses to these agonists and perhaps correlate with changes in asthma symptom control. The TRPV1-I315M and -T469I variants were more responsive to capsaicin and coal fly ash. The I585V variant was less responsive to coal fly ash particles due to reduced translation of protein and an apparent role for Ile-585 in activation by particles. In HEK-293 cells, I585V had an inhibitory effect on wild-type TRPV1 expression, activation, and internalization/agonist-induced desensitization. In normal human bronchial epithelial cells, IL-8 secretion in response to coal fly ash treatment was reduced for cells heterozygous for TRPV1-I585V. Finally, both the I315M and I585V variants were associated with worse asthma symptom control with the effects of I315M manifesting in mild asthma and those of the I585V variant manifesting in severe, steroidinsensitive individuals. This effect may be due in part to increased transient receptor potential ankyrin-1 (TRPA1) expression by lung epithelial cells expressing the TRPV1-I585V variant. These findings suggest that specific molecular interactions control TRPV1 activation by particles, differential activation, and desensitization of TRPV1 by particles and/or other agonists, and cellular changes in the expression of TRPA1 as a result of I585V expression could contribute to variations in asthma symptom control.
Suspended crustal and road materials, which often contain coal fly ash (CFA) 2 ; combustion by-products from cigarettes and wood/biomass smoke; and emissions from motor vehicles, cooking, and power generation are common particulate materials (PM) in ambient air. However, the precise composition of air pollution varies widely by location, often promoting regionally specific effects on human health. In general, inhaled PM tend to cause airway irritation that can negatively impact respiratory conditions such as asthma (1) (2) (3) (4) (5) (6) .
The mechanisms by which different constituents of air pollution interact with and affect cells of the human airways and how these interactions affect respiratory physiology and human health are not fully understood. Transient receptor potential ankyrin-1 (TRPA1) and TRP vanilloid-1 (TRPV1) are activated by distinct environmental PM. TRPA1 is activated by electrophiles and oxidants in diesel exhaust, cigarette smoke, and wood smoke PM via covalent modification of intracellular cysteine and lysine residues as well as through cell surface interactions with insoluble PM such as CFA and diesel soot (7) (8) (9) (10) (11) . TRPV1 is activated by insoluble PM including CFA, crystalline silica, diesel exhaust soot, residual oil fly ash, Mt. St. Helens volcanic ash, and urban particles collected in Salt Lake City, UT; St. Louis, MO; and Ottawa, Canada (12) (13) (14) (15) . CFA and other insoluble PM preferentially activate TRPV1 at the cell surface independent of the capsaicin-binding site (12, 16) . C-fiber activation by TRPA1 and TRPV1 agonists reduces respiratory drive, induces cough, and triggers bronchoconstriction and neurogenic inflammation (17) . Activation of TRPA1 (when expressed) and TRPV1 in non-neuronal cells including bronchial, small airway, and alveolar epithelial cells promotes proinflammatory cytokine/chemokine expression (IL-6, IL-8, and others) and cytotoxicity (12-16, 18 -28) . TRPA1 and TRPV1 are also involved in inflammation-induced airway hypersensitivity and play key roles in host defense responses (17, 29, 30) .
Several studies have examined roles for TRPA1 and TRPV1 in asthma. TRPA1 has been shown to be integral in the devel-opment of asthma/allergic hypersensitivity in mice (31) , and the R3C and R58T polymorphisms correlated with poorer asthma control in children (8) .
The hypothesis of this study was that natural coding variants of TRPV1 would be uniquely responsive to traditional soluble (capsaicin) and atypical insoluble particle (CFA) agonists, which would manifest as differences in typical cellular responses to these agonists and perhaps an effect on asthma severity and symptom control among a cohort of asthmatic children in Utah. The hypothesis is based on results showing that some individuals with asthma, mainly cough variant asthma, exhibit greater sensitivity in capsaicin cough challenge tests (32) (33) (34) (35) . TRPV1 also has been shown to be expressed at higher levels in epithelial cells (36) and neurons in the bronchi of asthmatics with both mild and refractory (steroid-insensitive) asthma (37) as well as in neurons of individuals with chronic cough (38) , in peripheral blood cells of children with asthma (39, 40) , and in BALB/c but not C57Bl/6 mice challenged with IL-13 (41) . Furthermore, the loss-of-function TRPV1 variant I585V (rs8065080) has been correlated with reduced cough and wheeze in a cohort of asthmatics from Barcelona and Sabadell, Spain (42, 43) . Similarly, the T469I variant (rs224534) was correlated with small but non-significant increases in cough in non-asthmatics (43) . Several intronic, 3Ј-, and 5Ј-untranslated region variants have also been associated with different asthma phenotypes (39, 40, 43) . Further understanding of the effects of TRPV1 genotype on asthma could aid clinicians in understanding why certain individuals are more sensitive to various stimuli and potentially direct them toward more appropriate treatments.
In this study, we utilized a combination of in vitro tests of TRPV1 expression and function using both capsaicin and CFA as agonists to further explain unique mechanisms of TRPV1 activation by PM. We then assessed TRPV1-mediated desensitization, chemokine production, and TRP gene expression in primary human bronchial epithelial cells expressing either wild type or the TRPV1-I585V variant. Finally, we correlated genetic and clinical data from a cohort of children with asthma from Salt Lake City, UT (43) to assess whether TRPV1 variants with altered activity affected asthma.
Results
Functional Analysis of TRPV1 Variant Activation-Activation of TRPV1 and six non-synonymous SNP variants by capsaicin and CFA particles was compared in transiently transfected HEK-293 cells using changes in intracellular calcium content as a measure of TRPV1 activity (Fig. 1 ). The SNP variants I315M, T469I, and I585V exhibited ϳ32, 47, and 14% greater activity than wild-type TRPV1 using capsaicin as an agonist. The I315M and T469I variants were also ϳ54 and 33% more responsive to CFA than wild-type TRPV1, whereas the I585V variant was ϳ40% less responsive. Reduced sensitivity of the I585V variant was observed at multiple CFA concentrations (Fig. 1C ). Fig. 1 showing variations in TRPV1 activation among the I315M, T469I, and I585V variants could be explained by changes in the level of TRPV1 expression, unique subcellular localization of the variant proteins, or inherent changes in protein function. Fig. 2A shows that the expression of mRNA for the I315M, T469I, and I585V forms of TRPV1 were 1.4 -3-fold greater than for wild-type TRPV1 in HEK-293 cells, similar to that reported by Xu et al. (44) . Fig. 2B shows that there was ϳ20 -30% lower expression of TRPV1-I585V and -T469I protein compared with wild-type TRPV1 and I315M despite the increase in mRNA. No major changes in the proportion of calcium flux attributable to intracellular versus cell surface TRPV1 were observed between the wild-type and vari- ant proteins; ϳ90% of capsaicin-induced calcium flux for wild type, I315M, and T469I was inhibited using the cell-impermeable inhibitors EGTA and ruthenium red, and ϳ82% of capsaicin-induced calcium flux was inhibited for I585V (data not shown).
TRPV1 Variant Expression and Localization in HEK-293 Cells-Results in
TRPV1-WT/TRPV1-I585V Co-expression Studies-The possibility that the TRPV1-I585V variant altered the expression levels and/or functional properties of wild-type TRPV1 was also assessed. Transfection of HEK-293 cells with an equal quantity of plasmid DNA harboring either TRPV1-WT or TRPV1-I585V or co-transfecting cells with a 1:1 ratio of plasmid DNA for the TRPV1-WT and TRPV1-I585V demonstrated an increase in the overall expression of TRPV1 mRNA relative to cells transfected with wild-type TRPV1 alone ( Fig. 2A , gray bar). As in Fig. 2B , TRPV1 protein expression in cells co-expressing TRPV1-WT/WT-green fluorescent protein (GFP) or TRPV1-I585V/WT-GFP was also slightly (ϳ10 -15%) reduced as measured by flow cytometry (Fig. 2C ). Finally, cells transfected with both wild-type TRPV1 and TRPV1-I585V were ϳ40% less responsive to CFA as seen with TRPV1-I585V alone but not capsaicin ( Fig. 2D ).
Regulation of TRPV1 Internalization/Desensitization-Agonist-induced and calcium-dependent desensitization/cellular internalization of TRPV1 (27) was also evaluated ( Fig. 3 ). HEK-293 cells expressing TRPV1-WT-GFP and untagged TRPV1-WT exhibited increases in intracellular vesicles containing GFP within 20 min of capsaicin treatment ( Fig. 3A ; quantified in Fig.  3B ). This response was substantially lesser in cells treated with CFA even at 2 h post-treatment ( Fig. 3 , B and C), consistent with CFA being a much weaker TRPV1 agonist than capsaicin. When cells expressing both TRPV1-WT-GFP and untagged TRPV1-I585V were treated with capsaicin, a ϳ25% decrease in cellular internalization of TRPV1 was observed compared with TRPV1-WT-GFP/TRPV1-WT-transfected cells. With CFA, a ϳ60% decrease in the internalization response was observed, consistent with I585V being preferentially less responsive to CFA.
IL-8 mRNA Induction and Secretion by Lung Cells Versus TRPV1 Genotype-IL-8 is a common acute phase response protein secreted by lung epithelial cells treated with PM such as CFA. Primary normal human bronchial epithelial (NHBE) cells expressing either wild-type TRPV1 (I585I) or TRPV1-I585I/V (heterozygotes) exhibited dose-dependent increases in IL-8 accumulation in the culture medium following 24-h treatment with CFA. The response of the TRPV1-I585I/V cells was ϳ30 -60% lower depending upon the dose for both capsaicin and CFA TRP Channel Expression by Lung Cells Versus TRPV1 Genotype-The expression levels of TRPV1 and other TRP channels in TRPV1-WT and TRPV1-I585I/V NHBE cells was also investigated via RNA sequencing analysis (Fig. 5A ). The expression of mRNA for TRPV1 and many other TRP channels was not significantly altered as a result of the I585I/V genotype or agonist treatments. Immunocytochemistry and Western blotting analysis demonstrated a slightly (ϳ30%) lower, although not statistically significant, level of TRPV1 protein in I585I/V cells ( Fig. 5 , B-D), similar to but greater in magnitude than that observed in WT-GFP/I585V-co-transfected HEK-293 cells (Fig. 2C ). However, cells expressing the TRPV1-I585I/V variant expressed significantly higher TRPA1 mRNA (ϳ10-fold wild type; Fig. 5 , A and E).
TRPV1 Genotype Analysis-The effect of I315M, T469I, and I585V SNPs on asthma control was evaluated in a cohort of children with asthma. General characteristics of the cohort are provided in Table 1 . Genomic DNA samples were genotyped for I315M (n ϭ 1179), T469I (n ϭ 1226), and I585V (n ϭ 1270) among other SNPs. The minor allelic and genotype frequencies for I315M, T469I, and I585V are shown in Table 2 . The minor allele frequencies for I315M and T469I were comparable with those reported in the literature, whereas I585V was ϳ5% more frequent in the overall cohort. However, all three SNPs were enriched 10 -20% in the more severe electronic Asthma Tracker (eAT) population. For the I585V variant, there were also substantial differences in the percentages of patients with poorly controlled/severe asthma: for asthma control scores of 0 -2, 41.6% of subjects were I585I/V versus 46.7% for subjects with scores of 3-12 and 64.7% for scores Ͼ13. Accordingly, the percentages of subjects with wild-type TRPV1 and I585V/V were lower among individuals with poor asthma control.
Association of TRPV1 Variants with Asthma Phenotypes-Asthma control scores and the asthma control score components were analyzed as a function of TRPV1 genotype. Odds ratio (OR) values for each SNP were plotted as a function of genotype and the aggregate asthma control score compared with a score of 0 ( Fig. 6 ). Heterozygosity for I585V ( Fig. 5A ) or expression of Ͼ1 allele for TRPV1-I315M ( Fig. 6B ) was associated with poorer asthma symptom control, whereas T469I ( Fig.  6C ) had no apparent effect. Odds ratios for aggregate asthma control scores Ͻ2 versus Ͼ12 (excellent/good versus poor asthma control) were 2.23 (1.19 -4.19 ; p ϭ 0.0123) for Ն1 copy of I315M and 2.04 (1.06 -3.95; p ϭ 0.0339) for I585I/V. Symptom frequency (i.e. cough, wheeze, and chest tightness) was used as a more direct measure for TRPV1 due to its role in controlling the cough reflex ( Fig. 7) . The odds ratio for having a symptom frequency Ͼ0 was 1.25 (0.98 -1.61; p ϭ 0.0782) for Ն1 copy of I315M and 1.33 (1.03-1.72; p ϭ 0.0287) and 1.08 (0.74 -1.58; p ϭ 0.6691) for I585I/V and I585V/V, respectively. For a symptom frequency score of 0 versus 3, the OR values were 2.42 (1.37-4.26; p ϭ 0.0023) for Ն1 copy of I315M and 1.67 (0.96 -2.92; p ϭ 0.0709) and 1.16 (0.5-2.68; p ϭ 0.7356) for I585I/V and I585V/V, respectively. These effects were typically more pronounced, albeit not statistically significant, among the eAT cohort ( Fig. 7) and specifically among patients with more severe glucocorticoid (GC)-insensitive asthma ( Fig. 8 , A-C). Statistically significant increases in medical care frequency (overall and eAT population) were also observed for I315I/M. Statistically significant increases in activity interference (total and eAT population), nighttime awakenings (eAT population), and medical care frequency (eAT population), as determined using a questionnaire described elsewhere (8, 45) , were also observed for I585I/V.
Discussion
The molecular processes that influence how cells within the respiratory tract respond to inhaled PM are not fully understood. Evidence from this study further supports a role for TRPV1 in regulating cellular responses to particulate air pollutants and ultimately asthma. Fig. 1, A and B, show that the TRPV1-I315M, -T469I, and -I585V variants were differentially activated by capsaicin and CFA. The I315M and T469I variants were more sensitive to capsaicin and CFA, whereas the I585V variant was less responsive to CFA PM; these trends persisted at multiple doses of CFA (Fig. 1C ). Fig. 2A shows that in transiently transfected HEK-293 cells the level of mRNA expression for the T469I and I585V variants was higher than that of wild-type TRPV1 and I315M, but Fig. 2B shows that the expression of I585V and T469I protein was lower than either wild-type TRPV1 or I315M. Furthermore, co-expression of TRPV1-I585V with wild -type TRPV1 slightly decreased overall expression despite overexpression of TRPV1 mRNA (Fig. 2 , A and C).
Thr-469 resides on extracellular loop 1, and based on the mRNA and protein expression data, the T469I variant appears to be inherently more responsive to TRPV1 agonists via a yet undetermined mechanism. This same conclusion can be made for I315M. Ile-315 resides within ankyrin domain 5, and ankyrin repeat domains in TRP channels are believed to play roles in TRP channel gating through interactions with cytoskeletal proteins and other regulatory molecules/processes (46) . Intracellular interactions involving the ankyrin domains may be particularly relevant to mechanical/physical stimuli such as CFA. For example, we have shown previously that SNPs within and surrounding the N-terminal ankyrin repeat domains of TRPA1 variably affected activation by both soluble and insoluble agonists with the gain-of function SNPs R3C and R58T correlating with poorer asthma control (8) . We speculate that I315M may also increase TRPV1 activity through unique intracellular interactions that can affect channel gating and ultimately asthma control (Figs. 6B and 8B).
The mechanistic basis for decreased responses of the I585V variant to CFA was also explored. Fig. 2, A and B, show that I585V protein was expressed at lower levels in transfected HEK cells compared with wild-type TRPV1 despite elevated mRNA expression. Furthermore, I585V suppressed (ϳ10%) wild-type TRPV1-GFP expression as measured by flow cytometry; similar effects were observed in NHBE cells heterozygous for the I585V variant ( Fig. 5, B-D) . As such, the functional differences between I585V and wild-type TRPV1 in Figs. 1, 3 , and 4 could be explained by a reduction in TRPV1 protein expression. However, this conclusion is not fully supported by results showing that wild-type TRPV1 and I585V (and I585I/V in wild type/I585V-co-transfected cells) were comparably activated by a maximum stimulating concentration of capsaicin. Furthermore, the degree of TRPV1 protein reduction associated with expression of both wild-type TRPV1 and I585V or with I585V alone did not directly correlate with the degree of functional losses observed across multiple assays. Thus, I585V also appears to be inherently less sensitive to CFA, and the effect of the I585V substitution on TRPV1 activation by CFA may ultimately be multifaceted. First, Ile-585 resides on what cumulative results suggest is a mechanically sensitive helical component of the ion pore based on similar decreases in TRPV1 activation by CFA by mutation of C578 to alanine (12) . Second, the helical segment containing both Cys-578 and Ile-585 resides between transmembrane (TM) segments 4 and 5 and has been suggested to engage in subunit assembly and allosteric modulation of channel gating (47) . Specifically, this linker may form critical intrasubunit interactions with the TM5-loop-TM6 pore region, which is involved in functional coupling through weak trans-subunit interactions that regulate gating of the pore (48) ; this feature appears to be particularly important for TRPV1 activation by CFA. Third, Ile-585 substitution appears to decrease overall TRPV1 protein expression including perhaps that of wild-type TRPV1.
Treatment of human lung epithelial cells with TRPV1 antagonists has been shown to promote higher overall and greatly increased cell surface expression of TRPV1 in lung epithelial cells (49) . This effect was associated with increased sensitivity of cells to agonists (calcium flux), exacerbated cytotoxicity, and increased IL-6 and IL-8 gene induction. Others have shown that TRPV1 agonists promote rapid internalization and lysosomal degradation of cell surface TRPV1 (27) . This latter "desensitization" process was calcium-dependent, was inhib- NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 ited by TRPV1 antagonists, and was not observed with a nonfunctional "pore-less" TRPV1 mutant. This latter process is believed to be a mechanism by which TRPV1 activity is "finetuned" and becomes desensitized to a broad array of stimuli. Based on these collective data and results herein, TRPV1 expression/function appears to be dynamically regulated by cells in response to changes in TRPV1 activity. Fig. 3, A and B, show in HEK-293 cells that TRPV1-WT-GFP undergoes rapid internalization into vesicles following stimulation with capsaicin. However, with CFA, significantly less TRPV1 internalization occurred even with 2 h of treatment ( Fig. 3C ) due presumably to the fact that CFA is a much weaker agonist of TRPV1. However, in both cases, co-transfection of TRPV1-WT-GFP with I585V suppressed TRPV1 internalization with a greater effect on CFA-induced internalization due presumably to its inhibitory effect on wild-type TRPV1 expression and decreased sensitivity to CFA. These data suggest that TRPV1 could exist in greater abundance at the surface of lung cells expressing the I585V variant. Accordingly, co-expression of the I585V variant could alter how cells typically respond to insoluble TRPV1 agonists such as PM.
TRPV1 Variants, Particles, and Asthma
Cytokine and chemokine gene induction by lung epithelial cells treated with TRPV1 agonists has been primarily associated with activation of TRPV1 at the cell surface, and this association was stronger for CFA than capsaicin, which can also induce IL-8 through endoplasmic reticulum stress (12, 20, 23) . It was hypothesized that CFA-induced IL-8 secretion by bronchial epithelial cells would vary as a function of Ile-585 genotype. Fig.  4, A and B, show that IL-8 secretion and mRNA induction were lower among NHBE cells from donors heterozygous for TRPV1-I585I/V using both capsaicin and CFA as agonists. These data agree with findings that the I585V and heteromeric I585I/V channels are less responsive to CFA but did not show selectivity for CFA and did not support the hypothesis that I585V might promote cell surface TRPV1 enrichment or an overall increase in TRPV1 expression as an explanation for the effects of I585I/V on asthma. Rather these data support the finding that I585V may interfere with wild-type TRPV1 expression when co-expressed. Accordingly, confocal immunofluorescence staining and Western blotting analysis of TRPV1 in these same donor cells (Fig. 5, C and D) revealed that I585I/V cells expressed lower levels of TRPV1 compared with the wild 
type-expressing cells. These data collectively imply that a combination of inherent functional changes in the TRPV1-I585I/V protein and a decrease in the efficiency of TRPV1 translation and/or folding into an active proteins likely drive the change in IL-8 induction by the I585V protein.
The impact of TRPV1 variants on asthma control was also explored using samples obtained from children with asthma from the Salt Lake City, UT area. A prior study investigating the effect of TRPV1 SNPs on asthma symptom frequency (i.e. cough and wheeze) demonstrated that the I585V variant was ϳ20 -30% less responsive to temperature and capsaicin (42), similar to what we show for CFA. Furthermore, I585V expression was correlated with lower odds ratios for active wheezing (OR ϭ 0.51, p ϭ 0.01) and cough (OR ϭ 0.57, p ϭ 0.02) in Spanish children with asthma (42). Smit et al. (43) also reported that the I585V variant was associated with a decrease in cough in asthmatics (OR ϭ 0.62, p ϭ 0.03) but that this effect was not present in a pooled analysis of cough in a more heterogeneous cohort.
The cumulative biochemical results of this study provide molecular insights for how the I585V variant may reduce asthma symptom frequency. However, results from our cohort study (Figs. 6 -8) correlated I315M and I585V expression with poorer asthma control. The findings on I315M were novel and perhaps intuitive because I315M was expressed comparably with wild-type TRPV1 and was more sensitive to both capsaicin and CFA, which could increase TRPV1 activity in the airways. In this regard, the lack of effect of T469I on asthma may suggest that lower levels of protein expression may counteract the apparent increase in sensitivity to agonists. However, the differences for I585V were puzzling. We could not directly compare many factors that could possibly explain the disparity on the I585I/V and I585V genotypes between this study and that of Cantero-Recasens et al. (42) , but there were no differences in the minor/major allelic frequencies between studies, and thus genotype enrichment was not a factor.
We propose that regional differences in air pollutants could be involved. The composition of air pollution in Barcelona and Sabadell, Spain is consistently high and primarily composed of traffic-related PM (50, 51) . Salt Lake City area PM tend to be a mixture of traffic-and geologically derived PM with the relative and absolute levels of different types of PM varying by season and weather. There are six active coal burning power plants in Utah including one just west of Salt Lake City. The CFA used in this study was collected from an active coal-burning power plant in Utah and shares mineral composition similar to NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 24873 regional geological dusts that dominate during dry months. However, winter high pollution events concentrate PM and are enriched in traffic-related and wood smoke PM, which are believed to have a greater impact on asthma.
We and others have found that traffic-related, wood smoke, and similar combustion-derived PM preferentially activate TRPA1 (8, 12) . TRPA1 agonists, which would be consistently abundant in air pollution in Barcelona and Sabadell, Spain, may continually activate TRPA1/TRPV1-expressing C-fibers promoting cough, but eventual "pharmacological" cross-desensitization of both TRPA1 and TRPV1 would occur (13, 52) . Thus, cross-desensitization of I585V, which is already less active to agonists such as CFA and similar PM, could manifest as a reduction in sensory neuron activity, cough, and asthma sever- ity. Similarly, in cases where TRPA1 may be expressed by epithelial cells (e.g. people with the I585I/V genotype), exposure to TRPA1 agonists may also promote cross-desensitization, leading to an overall reduction in epithelial responses to PM and their contributions to asthma/lung homeostasis.
However, Salt Lake City area PM likely contain more direct acting TRPV1 agonists that can engage both C-fibers and epithelial cells via both TRPV1 and TRPA1 (if expressed) with the relative balance determined by the local environmental conditions at a given time. As such, the combination of increased expression of TRPA1 by epithelial cells expressing the TRPV1-I585I/V variant (Fig. 5, A and E) , attenuated desensitization of I585I/V by agonists, and reduced internalization/desensitization of TRPA1 due to reduced TRPV1-I585V internalization (13, 52) could collectively exacerbate responses to environmental irritants and affect asthma. In particular, the expression of TRPA1 by epithelial cells may render these cells more sensitive to cyclical increases in combustion-derived PM in air and/or other similar irritants, promoting the expression of multiple epithelially derived proinflammatory cytokines, such as IL-8, via both TRPV1 (12) and TRPA1 (28) . Interestingly, IL-8 has been reported to be more abundant among severe, steroid-resistant asthmatics with "neutrophilic asthma" endotype (14) .
In summary, this study identified Ile-315, T469I, and Ile-585 as particle-sensitive components of TRPV1. Furthermore, the I585V variant affected several typical cellular responses to PM and capsaicin, the expression of TRPA1, and ultimately asthma control. Establishing more exact mechanistic links among local air pollution composition, TRPA1, TRPV1, TRPV1 variants, and asthma clearly requires more sophisticated studies for full understanding. Nonetheless, we suggest that assessing TRPV1 genetics and TRPA1 and -V1 channel expression may be useful in future particle toxicology studies as well as in identifying asthma subpopulations with particular sensitivity toward specific asthma triggers including local air pollutants. Such information could provide a more comprehensive understanding of a patient's asthma and consequently support more effective personalized interventions and therapies.
Materials and Methods

Reagents
Capsaicin, ruthenium red, EGTA, and all other chemicals were purchased from Sigma-Aldrich unless otherwise specified. CFA, also referred to as CFA1 in prior publications by our group (7, 12) , is a size-fractionated (Ͻ30 m) sample collected from a power plant in Castle Dale, Emery County, UT as described elsewhere (53) .
Cell Culture
Cells were maintained in a humidified cell culture incubator at 37°C with a 95% air, 5% CO 2 atmosphere. HEK-293 cells (ATCC, Manassas, VA) were cultured in DMEM/F-12 containing 5% fetal bovine serum and 1ϫ penicillin/streptomycin. NHBE cells (Lonza, Walkersville, MD) were cultured in bronchial epithelial growth medium for four to six passages as recommended by the manufacturer. NHBE cells from multiple donors were obtained and genotyped using TaqMan Genotyping Master Mix for TRPV1-I585V (rs8065080) (Life Technolo-gies). Two separate donor cell sources for wild type and heterozygotes for TRPV1-I585V were identified and used. The donor identification numbers were 14359 and 14664 (wild-type TRPV1) and 9853 and unknown (TRPV1-I585I/V).
Cloning and Site-directed Mutagenesis
Human TRPV1 was cloned as described previously (21) . Plasmids for the non-synonymous TRPV1 SNPs K2N (rs9894618), P91S (rs222749), I315M (rs222747), T469I (rs224534), and T505A (rs17633288) were generously provided by Dr. David M. Cohen of the Oregon Health Sciences University (44) . Construction of the TRPV1-I585V (rs8065080) variant plasmid was achieved using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) (7, 12) . Wild-type TRPV1 also was subcloned into the pEGFP-C2 (TRPV1-GFP) vector at the HindIII and XbaI sites for use in internalization/desensitization and flow cytometry experiments.
Quantification of TRPV1 Function (Calcium Assay)
HEK-293 cells were plated in 96-well plates precoated with 1% gelatin and grown to 80 -90% confluence. Transient transfection of HEK-293 cells with TRPV1 plasmids was achieved using Lipofectamine 2000 (Life Technologies). Transfection efficiency, relative mRNA expression, and protein expression were compared with wild type for all variants. Cells were assayed for TRPV1 function (calcium flux) using the Fluo-4 Direct assay kit (Life Technologies). Treatment-induced changes in cellular fluorescence were quantified from fluorescence micrographs as described previously (7, 9, 12) . Briefly, the average value for the change in fluorescence was corrected for background changes, normalized to the maximum attainable response elicited by ionomycin (10 M), and represented as a percentage of TRPV1-WT or the positive control (capsaicin). All agonist treatment solutions were prepared in LHC-9 medium at 3ϫ concentration and added to cells at room temperature. Particle suspensions were prepared and applied to cells using an area dose at 180 g/cm 2 . It should be noted that the particle suspension concentration used (2.3 mg/ml; equivalent to 180 g/cm 2 if all particles settled out of solution) does not indicate the actual cellular dose of PM, which varies over the course of the 3-min assay as particles settle. The actual concentration of particles on cells during the course of the functional assays was substantially lower (maximum possible amount of 10 -20 ng/cell assuming a cell area of ϳ50 -100 m 2 but typically Ͻ5-10 visible particles/cell), which plausibly approaches inhalation exposures.
Assessment of TRPV1 and IL-8 mRNA Expression
HEK-293 cells were cultured in 25-cm 2 flasks, grown to 95% density, and transiently transfected with equal quantities (5.2 g) of the TRPV1 plasmids using Lipofectamine 2000 (lipid to DNA ratio of 2:1) for 24 h. Cells were recovered in growth medium for 24 h. 48 h after transfection, cells were harvested. For PCR, cells were collected using trypsin, spun, and rinsed two times with cold PBS before RNA isolation. NHBEs cells from the four donor samples were plated into 12-well plates and treated with either vehicle; 50 or 75 M capsaicin; or 45, 90, or 180 g/cm 2 CFA for 24 h. After treatment, the cell culture medium was removed, and cells were washed and frozen at Ϫ80°C until RNA isolation. For both cell types, total RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) with on-column DNase digestion, and 2.5 g of the total RNA was converted to cDNA using iScript (Bio-Rad). The resulting cDNA was diluted 1:20 for analysis by quantitative real time PCR using a Life Technologies QuantStudio 6 instrument and the TaqMan probe-based assays for human TRPV1 (assay Hs.00218912_m1) and IL-8 (assay Hs00174103_m1). Values for TRPV1 and IL-8 were normalized to ␤ 2 -microglobulin (assay Hs.00984230_m1).
Assessment of TRPV1 Protein Expression
For Western blotting, protein was isolated from the cells using radioimmune precipitation assay lysis buffer (Pierce) supplemented with Halt protease inhibitor mixture (Thermo Fisher), sonicated (50% amplitude) 3 ϫ 2 s, and clarified by centrifugation at 13,000 ϫ g for 5 min. Protein concentration was measured using the BCA assay (Pierce). As a positive control, cell surface protein isolates from TRPV1-overexpressing BEAS-2B cells pretreated with the TRPV1 antagonist LJO-328, which we have previously shown to enrich TRPV1 at the cell surface (12, 49) , were used. TRPV1 protein expression was assayed using a TRPV1 rabbit polyclonal antibody (ab3487, lot GR210703-16, Abcam (1:1000)) and a donkey anti-rabbit HRP secondary antibody (NA934VS, lot 9653375, GE Healthcare (1:10,000)) and normalized to total protein. Total protein was measured by poststaining the PVDF membrane with 0.1% Amido Black. Band densities were quantified using ImageJ software. Validation of the TRPV1 antibody consisted of reduced antibody staining in BEAS-2B versus TRPV1-overexpressing BEAS-2B cells, enrichment of TRPV1 immunoreactivity in cell surface protein isolates in the LJO-328-pretreated cells, and a lack of staining in naïve HEK-293 cells. By Western blotting, the TRPV1 band was ϳ75 kDa.
Immunocytochemistry
NHBE cells were plated on flame-and alcohol-sterilized glass coverslips coated with Lechner and LaVeck LHC basal medium fortified with 30 g/ml collagen, 10 g/ml fibronectin, and 10 g/ml bovine serum albumin. After 48 h, cells were fixed with 4% paraformaldehyde and treated with 0.1% Triton X-100. Nonspecific antibody binding was blocked using 10% goat serum (Thermo Fisher) for 1 h at room temperature, and subsequently cells were incubated with the TRPV1 rabbit polyclonal antibody (ab3487, lot GR210703-16, Abcam (1:200 in goat serum)) overnight followed by the Alexa Fluor 488-labeled goat anti-rabbit detection antibody for 1 h (ab150077, lot GR243699-1, Abcam (1:500)) at room temperature. Cells were postfixed with 4% paraformaldehyde, and the nucleus was stained with Hoechst 33342 (Molecular Probes). Cells were imaged by a 40ϫ oil immersion lens on a Nikon A1R confocal microscope, imaging the depth of the cell across z-planes and keeping all imaging parameters (gain, offset, and laser) constant during imaging to allow for comparisons among test groups. TRPV1 staining appeared as small punctate foci. Images were flattened over the z-planes, and the number of punctate foci/ cell was counted using ImageJ. Data are represented as the number of TRPV1-positive foci/cell.
Assessment of TRPV1 Internalization/Desensitization
The relative level and location of TRPV1 protein expressed in HEK-293 cells were studied using a C-terminal enhanced GFPtagged TRPV1 construct (TRPV1-WT-GFP). Subcellular localization of TRPV1-WT-GFP co-expressed with TRPV1-WT or TRPV1-I585V was assessed using confocal microscopy. Cells were plated into gelatin-coated 8-well coverslip chamber slides and grown to confluence before transient transfection with TRPV1-WT/TRPV1-WT-GFP or TRPV1-I585V/TRPV1-WT-GFP. After 48 h, cells were stained with Hoechst 33342 (Molecular Probes) in LHC-9 medium, and cellular internalization of TRPV1-GFP in response to 1 M capsaicin or 180 g/cm 2 CFA treatment was imaged over time. During experimentation, cells were maintained at 37°C with 5% CO 2 using an environmental chamber. Cell imaging was performed utilizing a 40ϫ oil immersion lens on a Nikon A1R confocal microscope. Images were taken in one z-plane, utilizing perfect focus, every minute for up to 2 h. Images were processed using NIS elements acquisition software (Nikon). Internalization was quantified by visual inspection of de-identified time lapse images, counting any cell exhibiting a time-dependent increase in intracellular GFP-stained vesicles, with data represented as the percentage of the total number of cells counted (i.e. Hoechst 33342-stained nuclei).
Flow Cytometry
HEK-293 cells were seeded in 6-well plates, grown to 95% density, and transiently transfected as described above with the TRPV1 plasmids TRPV1-WT and TRPV1-WT-GFP or TRPV1-I585V and TRPV1-WT-GFP. 48 h after transfection, cells were trypsin-dissociated, pelleted, and washed with icecold PBS. The final pellet was resuspended in Opti-MEM I and incubated with propidium iodide for 15 min to determine live/ dead cells for exclusion. Cells (Ն20,000 events/sample) were analyzed on a Cell Lab Quanta flow cytometer (Beckman Coulter, Fullerton, Ca). The percentage of GFP-positive cells, indicative of TRPV1-positive live cells, was monitored with data expressed as the percentage of live cells expressing GFP.
Assessment of CFA-induced Chemokine Production
NHBE cells from four donors, two TRPV1-WT and two TRPV1-I585I/V, were treated with either vehicle; 50 or 75 M capsaicin; or 45, 90, or 180 g/cm 2 CFA for 24 h. Medium was collected, clarified by centrifugation, and assayed for IL-8 using ELISA according to the manufacturer's recommendations (R&D Systems, Minneapolis, MN).
RNA Sequencing
RNA sequencing was performed by the High Throughput Genomics Core Facility at the Huntsman Cancer Institute, University of Utah. NHBE cells from the four donors (two TRPV1-WT and two TRPV1-I585I/V) treated with CFA and nonivamide were harvested, and total RNA was isolated as described above. RNA quality was assessed by RNA nanochip technology, and library construction was performed using the
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Illumina TruSeq Stranded mRNA Sample Preparation kit using established protocols. The sequencing libraries (18 pM) were then chemically denatured and applied to an Illumina TruSeq v3 single read flow cell using an Illumina cBot. Hybridized molecules were clonally amplified and annealed to sequencing primers with reagents from an Illumina TruSeq SR Cluster kit, v3-cBot-HS (GD-401-3001). Following transfer of the flow cell to an Illumina HiSeq instrument (HCS v2.0.12 and RTA v1.17.21.3), a 50-cycle single read sequence run was performed using TruSeq SBS v3 sequencing reagents (FC-401-3002). Data were processed by the University of Utah Bioinformatics core. The data presented in this publication have been deposited in NCBI's Gene Expression Omnibus (57) and are accessible through GEO Series accession number GSE85447(www.ncbi. nlm.nih.gov/geo/query/acc.cgi?accϭGSE85447).
Patient DNA Sample Collection and Purification
Saliva samples were obtained prospectively from 1569 children 2-17 years of age with a physician-confirmed diagnosis of asthma as part of a prior study. Briefly, subjects with a primary diagnosis of asthma were recruited from the emergency department and inpatient wards of Primary Children's Hospital in Salt Lake City, UT (45) . Information about chronic medical conditions, concomitant medication use, and chief complaints were collected through a combination of structured interviews and medical chart abstraction. Data were de-identified before genotype analysis. Characteristics of the patient population studied are provided in Table 1 . Oragene DNA kits (DNA Genotek Inc., Ottawa, Ontario, Canada) were used to collect 2 ml of saliva/ patient. DNA was extracted as described previously (45) .
Characterization of Asthma Phenotypes
National Institutes of Health Asthma Control Classification-Each patient's level of chronic asthma control was determined by a questionnaire based upon guidelines modified from National Heart Lung and Blood Institute Expert Panel Report 3 (54) as described previously (8, 16, 43) . In this study, asthma control scores were analyzed as a numeric variable that could range from 0 (ideally controlled) to 15 (poorly controlled). Selected criteria scores (values ϭ 0 (ideally controlled) to 3 (poorly controlled)) were also evaluated separately to isolate any differential effects on individual measures of asthma control.
Longitudinal Asthma Control Classification
A subset of the cohort (74 patients) consisting of individuals with more severe asthma (Table 1 ) and who actively participate in a real time asthma symptom self-monitoring program, referred to as the eAT (55, 56) , were also evaluated separately. The eAT uses a weekly questionnaire to longitudinally classify patients as well, not well, or poorly controlled and collects medication compliance and exposure data for environmental triggers. Patients using the eAT system were enrolled during hospitalization for poor asthma control but soon achieved substantially improved and consistent control (55, 56) , making this a unique subpopulation to assess the effects of TRPV1 variation on symptom control.
SNP Genotyping
SNP genotyping was performed using custom TaqMan Open Array cards (Life Technologies) at the University of Utah Genomics core facility. Prior to genotyping, 4 ng of purified genomic DNA was amplified using a custom TaqMan PreAmp Mastermix (Life Technologies). TaqMan probe-based SNP genotyping assays for Q85R (rs55916885), P91S (rs222749), R95G (rs56016548), N412D (rs61753456), I315M (rs222747), T401A (rs61751059), T469I (rs224534), T505A (rs17633288), I585V (rs8065080), and several other asthma-associated gene SNPs were contained on the array cards. TaqMan reactions were cycled as recommended by the manufacturer on a Life Technologies QuantStudio 12K instrument. Data clustering analysis was performed using TaqMan Genotyper software (Life Technologies). Only SNPs with minor allelic frequencies greater than 1% and with functional changes (Fig. 1) were further evaluated for an impact on asthma.
Statistical Analysis
Data are represented as the mean Ϯ S.E. One-way or two-way ANOVA with post-testing at the 95% confidence interval was used to determine significance as specified in each figure legend. Analysis was performed using GraphPad 5.0 software (GraphPad Inc., San Diego, CA). OR calculations were performed using an online calculator in MedCalc, and logistic and ordinal logistic regression models were also used to compare asthma measures as a function of TRPV1 genotypes in R 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). 
